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ABSTRACT Asan appropriate model which can simulate the cardiac working 
muscle with respect to the passive electrical spread, a lattice whose sides have 
linear cable properties is presented, and the passive potential spread on the 
model is mathematically analyzed in the fiber direction. Distribution of elec-
trotonic potential in the fiber direction was measured with a pair of intracellular 
microelectrodes in the cardiac muscle fiber of mouse. By employing "pencil 
type" microelectrodes potential distribution in the transverse direction within a 
fiber was also measured. This transverse effect was differentiated from the 
longitudinal potential distribution. A tonically applied potential at any point of 
a cell interior spreads continuously in a manner described by a Bessel function. 
Using appropriate electrical and morphological parameters the experimental 
results proved to fit the curve obtained from numerical calculation on the model. 
The apparent length constant obtained for smaller distances (less than 100 n) 
from the current source was 70 !x, and it increases as the distance becomes 
larger. At a point inside the fiber the resistance to the extracellular fluid ranged 
from 200 to 600 KQ. The influence of coupling resistance between current and 
recording electrodes on the measurement of electrotonic potential was examined 
for small interelectrode distance. 
INTRODUCTION 
It is a well known fact that the cardiac muscle fibers make complicated 
anastomoses with each other. This makes analysis of the tissue electrical 
properties very difficult compared with nerve and skeletal muscle fibers. 
Attempts, however, have been made to apply linear cable analysis to 
cardiac muscle, for example, to the false tendon which has less branched, i.e. 
relatively linear cablelike features (Weidmann, 1952), and to the terminal 
Purkinje fiber as an equivalent linear cable consisting of several component 
fibers attached side by side (Matsuda, 1960). 
Working on the rat atrium, Woodbury and Crill (1961) proposed a planar 
model for the cardiac tissue. They showed theoretically and experimentally 
that the spatial distribution of a tonically applied potential at any point of a 
cell interior in the tissue can be mathematically expressed by a Bessel function. 
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On a morphological basis, however, their model is too simple to simulate the 
real cardiac tissue. 
In the present paper, another model is presented, and its validity will be 
examined from the theoretical and experimental point of view. For passing 
current and recording potential, a pair of intracellular microelectrodes and a 
"pencil type" microelectrode (Tomita and Kaneko, 1965) were used. 
In connection with this, effective resistances characteristic of the structure 
of the anastomosis will also be mentioned. Finally, some experiments were 
done on the influence of coupling resistance between current and recording 
electrodes for an exact interpretation of experimental data. 
En to n+1 electrotonic potential inside 
the fiber for the internodal portion 
between nth and (n + l)th nodal 
points (the steady state) (v). 
70 applied current, total current 
through the membrane (the steady 
state) (amp). 
7 axial current inside the fiber at x 
(the steady state) (amp). 
R0 characteristic resistance of the com-
ponent fiber (= \A« • *m) (Q). 
Rt) effective resistance at x = 0, i.e. 
resistance at x = 0 to the large 
indifferent electrode immersed in 
the medium (= E0/I0) (12). 
k ratio of Rc to Ro (=־ Rc/R0). 
The following symbols are applied when 
the descriptions of "tip resistance" are 
given. 
c tip radius of micropipette used as 
current electrode (cm). 
p specific resistance of the medium in 
which the current electrode is im-
mersed (12•cm). 
L distance from the tip of the current 
electrode (cm). 
Rt coupling resistance between cur-
rent and recording electrode (£2). 
Rt(L=0) tip resistance; i.e., value of Rt 
when distance between both elec-
trodes is 0 (0). 
THEORY 
I. Symbols and Nomenclature 
a diameter of the component fiber 
(cm). 
d internodal distance of the syncytium 
(cm). 
n order of nodal point counted from a 
node at which the current is ap-
plied. 
N number of fibers between (n — l)th 
to nth nodal points ( = 4n) 
Ri specific resistance of the myoplasm 
of the fiber (£2•cm). 
Rm transverse resistivity of membrane 
(12 •cm
2). 
ri resistance of the component fiber 
per unit length (12/cm). 
rm transverse resistance per unit length 
of the component fiber membrane 
(0-cm). 
X length constant characteristic of the 
component fiber ( = s/rm/ri) (cm). 
x distance along the fiber from the 
point at which the current is ap-
plied (cm). 
£0 produced potential inside the fiber 
at x = 0 when the current, 70, is 
applied (the steady state) (v). 
E electrotonic potential inside the fi-
ber at x (the steady state) (v). ICHIRO TANAKA AND YUTAKA SASAKI Electrotonic Spread in Cardiac Muscle I IOI 
II. Model and Its Mathematical Presentation 
The present model of the ventricular syncytial network is a lattice of prac-
tically infinite extent which is provisionally assumed to be of two dimensional 
spread (see Fig. 1). 
Each side of the lattice is a component fiber with linear cable properties. 
The component fiber is a uniform cylinder of diameter a and length d, which 
has a uniform internal resistivity R{ and leakage resistance Rm per unit area, 
with parallel capacitance. Each nodal point represents an anastomosis of 
cardiac muscle fibers. It is assumed that the thickness of the insulating mem-
brane is uniform and negligible compared with the diameter and that the 
whole model is in a volume conductor with negligible resistivity. 
FIGURE 1. Schema of the LAT׳ 
tice model. Arrow, current 
electrode. Numbers, order of 
nodal point, a, diameter of the 
component fiber, d, internodal 
distance, x, distance along the 
fiber from the tip of current 
electrode. (See text.) 
I 
Under such circumstances the current 70 is applied across the insulating 
membrane at a point inside the fiber and the internal distribution of the tonic 
potential is analyzed against the distance x along the longitudinal axis of the 
fiber. For the steady state the following differential equation is assumed to 
hold between the potential E and distance * under a certain condition (see 
Appendix, section I) 
^ + .£ = 0 (1) 
dx
1 x dx X
2 
The solution of Equation 1 for the present model is a zero-order modified 
Bessel function of the second kind 
E = AK0(^ (2) 
where A
2 = rm/rt and A = E0/m, where E0 is the potential at x =0, and m is 
expressed as follows (see Appendix, section II) I I 14 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66 
in which a is a constant depending upon the values of d and A having a dimen-
sion of distance. E has a value of E0 at x = a in Equation 2. 
In order to obtain the morphological parameters of the cardiac muscle of 
mouse, the length of internodal distances and diameters of the fibers of the 
epicardial side were measured under the microscope. Their values are shown 
in Fig. 2. Peak values of a and d were 10 !x and 100 ןג, respectively. 
As for the primary electrical constants of the fiber, information is available 
32 ־ 
28 ־ 
24 -
20 • 
16 -
12 -
3 6 9 12 15 18 21 /X 15 45 75 105 135 165 195 225 FI 
FIGURE 2. Histograms showing the distribution of diameters and internodal distances 
of epicardial fibers of mouse ventricle obtained from 100 observations. Left, distribution 
of diameter. Right, distribution of internodal distance. 
for mammalian hearts (Weidmann, 1957), but the values adopted in the 
present paper are, Rm = 1000 Q•cm
2 and Ri = 100 £2•cm, for the simpler 
calculation. Thus the membrane resistance per unit length of the component 
fiber, rm, is 3.18 X 10
5 0 •cm, the internal resistance of the fiber per unit 
length, ri, is 1.27 X 10
 s fi/cm, hence the length constant, A, is calculated to 
be 0.05 cm. 
Using these parameters Equation 2 is graphically presented in Fig. 3. The 
abscissa indicates the distance in millimeters, and the ordinate shows the values 
of log E/Eo. The curve is very steep and concave for the distance close to the 
origin. The tonic potential falls off rapidly in comparison with the exponential 
decay. For the relatively large values of x, this concavity is very small and is 
regarded as linear with a length constant of A. 
The relation between the potential distribution and the distance expressed 
by Equation 2 might well be applicable to that obtained by experiments. 
For the present model, however, only the nodal points lie strictly on the curve 
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in Fig. 3 and each internodal portion would have linear cable features. Thus 
the potential distribution of the internodal portion is generally expressed as 
£1+״-״ = An exp ^־־־־^ + Bn exp (^j (3) 
where An and Bn are constants depending upon d, X, and the order of the 
nodal point n. 
For relatively small values of x, the curve in Fig. 3 is enlarged as shown in 
xEe 
FIGURE 3. Theoretical dis-
tribution of the tonic potential 
along the axis of the fiber. 
Ordinate, tonic potentials in-
dicated as times of applied po-
tential Ea. Abscissa, distance 
along the longitudinal axis of 
the component fiber in milli-
meters. (See text.) 
0.01 -
2 mm 
Fig. 7. The above mentioned internodal portions of n = 1 and 2 are shown. 
The potential decay of these portions is drawn as straight lines for conveni-
ence. It is of importance here to note that the value of Equation 2 for x = 0 
is infinite, but in reality the potential at x = 0 has, of course, a limited value 
referred to as Eo. The intersection of the ordinate by the line expressed by 
Equation 3 for the subscript n = 1 gives the value of E\,. 
When the tip of the current electrode applied intracellularly is much smaller 
than the fiber diameter, the curve of the actual potential distribution should 
have another concave curvature (not illustrated in the figure). It has a very 
steep configuration almost stuck to the ordinate for the very small values of x. 
This steeply falling portion of the curve represents a potential distribution 
attributable to the transverse effect around the tip of the current electrode 
(Hodgkin and Rushton, 1946; Katz, 1948), where the potential distribution THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66  I I 14 
should be thought of as having a three dimensional spread. As the length 
constant in the present case is some fifty times as large as the fiber diameter, 
the range of x influenced by the transverse effect is very small as described 
above. The gradient of the potential decay along the axis of the fiber should 
be larger than that in the transverse direction, because there is a resistive 
barrier caused by the membrane in the transverse direction. The potential 
at the tip of the current electrode has a limited value, which mainly depends 
on the tip radius of the electrode (see Tip resistance in this section). 
The model previously mentioned has, as it were, very large interstitial 
spaces. But this is not the case for the actual cardiac tissue. If one axis of the 
coordinate of the model, whether vertical or horizontal, is inclined so that the 
lattice is folded so that the meshes become very slender rhombi, then each 
pair of adjacent sides is almost touching. This model would simulate the 
actual cardiac tissue in a more plausible manner. The model modified in this 
way could give an account of the directional difference of the potential dis-
tribution of the tissue. 
III. Effective Resistance 
Any network of cables has an effective impedance inherent in its peculiar 
structure. Thus the analysis on the cardiac tissue would offer significant in-
formation on the structural geometry of the anastomosis. The effective re-
sistance of the network at x = 0, Ro is defined here as the ratio of potential at 
x = 0 to the total current through the membrane when the current is applied 
between a point inside the cable and the external medium. In the present 
case the resistance of interstitial space is assumed to be negligible. 
For convenience of comparison, the following model is assumed; that is, a 
model of four half-infinite linear cables starting from a point at which the 
current is applied and without any other anastomosis. This might be con-
sidered as the ultimate reduction of our lattice model where the internodal 
distance is infinite. In this case Ro is calculated from the well known formula 
for the linear cable 
Ro = IRc = J V^ = i׳׳iX 
where Rc, the characteristic resistance, is R0 of half-infinite linear cable. On 
the other hand the total membrane current of our lattice model is expressed 
as follows:— 
U \ dx / x=q 
so that the effective resistance, Ro, of the model can be calculated as I IOI 
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R0 =|RIXL_I_]EXP(^) - —- 1 | (4) 
ydnh -
where m is expressed as Equation A-7 in the Appendix, section II. 
The value of R0 in Equation 4 may vary with several parameters (R,:, Rm , 
a, and d), but attention is paid here mainly to the structural factors. The 
MSI 
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FIGURE 4. Relation between internodal distance and effective resistance. Abscissa, 
internodal distance of the fiber in micra. Left hand ordinate, effective resistance in 
Mfi. Right hand ordinate, structural factor as indicated in fraction multiplying 
The transverse straight line in the upper portion of the figure indicates the effective 
resistance of the four half-infinite linear model. (See text.) 
relation between the internodal distance d and the effective resistance Rq can 
be graphed as illustrated in Fig. 4. The transverse straight line in the upper 
portion of the figure shows the value of R0 for the four half-infinite linear cable 
model. On the right hand ordinate one can easily compare the R0 value for the 
lattice model to that of the reduced model for a given value of d. Parameters 
other than d in this calculation were the same as previously mentioned. 
The fraction (1 fk) multiplying ri\ in the figure indicates a factor charac-
teristic of the: geometry of the anastomosis. Consequently, k indicates the ratio 
of the characteristic resistance or effective resistance of a half-infinite linear 
cable to that of a lattice. THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66  I I 14 
In the case of the calculated example {d — 100 !x) k takes a value of 11, and 
this corresponds to R0 of about 580 KQ. 
IV. Coupling Resistance between Curent and Recording Electrodes 
When the electronic decay in the real tissue is measured experimentally 
by employing current and recording micropipettes placed close together, the 
data obtained might be distorted due to "resistive coupling" between the 
electrodes. The coupling resistance at the tip of the current electrode is referred 
to as tip resistance, Rt(L=0) • The so-called electrode resistance of a micro-
pipette immersed in an electrolytic solution consists of two components, the 
resistance inside the electrode and the tip resistance in the medium. 
The tip resistance i?i(t=,0) is expressed as follows on the assumption described 
in the Appendix, section III 
where, p is the specific resistance of the medium, and c is the radius of the tip 
of the micropipette. Generally, at any point in the medium the coupling 
resistance Rt to the indifferent electrode can be expressed as 
* ־ M2T+0
 <6
) 
where L, is the distance between current and recording electrodes. Fig. 10A 
illustrates such an Rt-L relation in two kinds of solutions with different specific 
resistances calculated from Equation 6 in the case of the outer pipette of 
pencil type microelectrode with a constant tip diameter of 1 !1 and a gradient 
of the inner surface of 15/100 (see Experimental method under Evidence). 
The upper curve indicates the Rt-L relation in NaCl-free Tyrode's solution 
(having a specific resistance of about seven times as large as that of normal 
Tyrode's). The lower curve shows the relation in normal Tyrode's solution. 
Each curve comprises two portions; i.e., the part illustrated in solid line is 
the distribution of the coupling resistance in the medium, and the part illus-
trated in broken line is the sum of the coupling resistance and the resistance 
of the electrode proper. The intraelectrode resistance is also calculated to 
have an ohmic resistance having the resistivity of 1 M KG1 solution. 
The differences in tip resistance on the same micropipette immersed in 
different media having specific resistances of p! and p2 are calculated in the 
following equation 
A RtiL=0) = ^E? (7) 
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EVIDENCE 
I. Experimental Method 
MATERIAL AND SOLUTION The heart of an adult mouse was cut into pieces along 
the longitudinal axis. A piece of ventricle which scarcely showed spontaneous beats 
was selected, and mounted 011 a cork block immersed in the Tyrode solution equi-
librated with a gas mixture of 95% 02 and 5% C02 . The temperature of the bath 
was kept at 35 ± 0.5°C. 
Composition of the Tyrode solution used was as follows. NaCl 137 MM, KC1 2.6 MM, 
CaClo 1.8 MM, MgCl, 0.5 MM, NaHC03 11.7 111M, NaH2P04 3.2 111M, glucose 5.6 
mM. 
FIGURE 5. An electron micro-
graph of tips of outer and inner 
pipettes for superfine coaxial 
pencil type microelectrode. Left, 
outer pipette. Right, inner 
pipette. 
ELECTROTONIC POTENTIAL ALONG THE FIBER A pair of intracellular micro-
electrodes filled with 3 M KC1 (Ling and Gerard, 1949) were inserted into a superficial 
ventricular fiber of the preparation mounted epicardium up and slightly stretched 
to some 130% of the original length. One electrodc was used for passing the current 
and the other for recording the potential. 
Prior to application, under a high magnification microscope these two microelec-
trodes were set to the manipulator a certain distance apart. After the one insertion, 
the interelectrode distance was varied within the range of 25 to 200 pi by changing 
the position of the recording electrode, whereas the position of the current electrode 
was unchanged. Measurements were made for the interelectrode distances of 25, 50, 
100, 150, and 200 !x (within ±10% of each distance). For the longer distances of 
1 and 1.5 mm, these microelectrodes were mounted on two micromanipulators respec-
tively and inserted independently in the fiber. The penetration of the membrane by 
electrodes was checked by the appearance of resting and action potentials for both 
electrodes. Then several measurements were made for each interelectrode distance. 
The data were treated statistically. 
Hyperpolarizing currents of the order of approximately 10~
8 to 10
-
7
 amp lasting 
more than 200 msec were sent to the cell interior from a square pulse generator with I I 14 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66 
isolating unit through the current limiter (100 MS2). The total current through the 
cell membrane was measured as the potential drop across the resistor of 10 KJ2 in-
serted in the circuit. Membrane potential changes caused by the current flow were 
fed to a dc amplifier via a high input-impedance preamplifier (Tomita and Torihama, 
1956). 
The current and the potential obtained were observed and recorded simultaneously 
by a dual-beam oscilloscope and a long recording camera. 
TRANSVERSE POTENTIAL Potential distribution in the transverse direction within 
a fiber was measured directly by means of a pencil type coaxial superfine micro-
electrode (PME) (Tomita and Kaneko, 1965). This type of electrode consisted of two 
micropipettes, arranged coaxially, whose tips were less than 1 and 0.2 !1 diameter 
FIGURE 6. Experimental arrangement for pencil type microelectrode. CR, current 
recording. PME, pencil type microelectrode. PR! and PR2, potential recordings for 
inner and outer pipettes. Ri , current limiter (100 Mfi). R2, resistor across which the 
current was measured (10 KO). SPG, square pulse generator with isolating unit. 
respectively. These were fine enough to be inserted into the cell interior of the ven-
tricular fiber. An electron micrograph of the tips of two pipettes is shown in Fig. 5. 
The inner and outer pipettes were filled with 3 and 1 M KC1 solution respectively. 
Before insertion the tips of both pipettes were adjusted so as to be flush. The penetra-
tion of the cell membrane with the coaxial electrode was checked by the appearance 
of resting and action potentials for both pipettes. The tip of the internal pipette could 
be extended along the axis of the electrode within the range of several micra, both 
tips being in the same fiber. The arrangement of the measurement is shown in Fig. 6. 
After advancement of the internal pipette for a given distance, a square pulse of 
current was sent through the external pipette and the potential thus produced inside 
the fiber was picked up by the internal pipette. 
II. Experimental Results 
POTENTIAL DISTRIBUTION ALONG THE FIBER The recording and current 
electrodes were inserted into the superficial fibers on a line parallel to the 
fiber direction, and the interelectrode distance was varied from 25 /j, to 1.5 
mm. In this case, interelectrode distance indicates the actual length on the ICHIRO TANAKA AND YUTAKA SASAKI Electrotonic Spread in Cardiac Muscle I IOI 
fiber axis. Curve A of Fig. 8 shows the ratio of electrotonic potential E along 
the fiber to the total current applied I0 against the distance x on the semi-
logarithmic coordinate, that is, E/I0 is used in this case instead of E/E0 which 
appeared under Theory, because Eo could not be obtained directly from the 
xEo 
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FIGURE 7. Enlargement of the tonic potential distribution near the origin. Light curve 
is that of the Bessel function in Fig. 3 and heavy one is the actual potential distribution 
in the lattice model. Note that the distribution for the internodal portions between 0 
and 100 !4, and 100/i and 20011 is simply indicated by the bold straight lines on the 
semilogarithmic coordinate instead of the actual distribution expressed as Equation 3 
in the text for convenience. (See text.) 
experiment. An example of a series of records is shown in Fig. 9. In Fig. 8A for 
the distances larger than about 20 !jl, there was no appreciable indication of 
discontinuity in the potential distribution along the fiber. Within a wide range 
of distances, the curve cannot be considered to be exponential. For large dis-
tances, the slope of the curve tended to decrease. 
If it could be assumed that the curve for smaller x (less than 100 fx) were THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66  I I 14 
linear and that the tissue had linear cable properties, the apparent length 
constant obtained from the gradient of such a portion would be about 70 /x. 
On the other hand, from the results of five series of measurements for suffi-
ciently long interelectrode distances (1 and 1.5 mm), A is approximately 400 to 
700 fx on the same assumption. The theoretical length constant is 500 n when 
primary parameters are chosen as indicated under Theory. The theoretical 
value of A falls on the upper limit of the range of A obtained from the experi-
mental data shown in Fig. 8A, when assumptions are made that the actual dis-
tribution of electrotonic potential is expressed by Equation 2 and that d is 
MSi 
FIGURE 8. Electrotonic spread 
along the axis (curve A) and in 
the transverse direction (curve 
B) obtained from measure-
ment. Abscissa, distance from 
current electrode in micra. 
Ordinate, tonic potential ex-
pressed as a ratio to total cur-
rent applied in MO. Vertical 
lines indicate the range of dis-
tribution of approximately 7 to 
10 measurements, and curve A 
is drawn from mean of measure-
ments on each distance. Broken 
lines are those drawn by extrap-
olation of curves obtained ex-
perimentally. (See text.) 
100 ju. This indicates that the value obtained by the theoretical calculation is 
reasonable. The distribution curve may well be fit to the theoretical one 
(illustrated in Fig. 7). 
The effective resistance, Ro, obtained graphically by the extrapolation of 
curve A in Fig. 8 ranged from 200 to 600 KQ (mean value, about 300 KQ). 
This can be expressed in terms of the factor k (see Theory), whose value falls 
in the range of approximately 12 to 25. If fiber diameter a and electrical 
constants R{, Rm are assumed to be the same as written under Theory, d should 
have the values of 30 to 110 M as calculated from Equation 4. These values 
are included in the range of distribution of d obtained from histological ex-
amination. On the same assumption about the value of d, other parameters 
adopted for the theoretical calculation proved to be almost reasonable, al-
though there is a tendency for the values of r, -rm and rm/r; in the theoretical 
calculations to be somewhat larger than those obtained from the experimental 
data shown in Fig. 8A. 
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POTENTIAL DISTRIBUTION IN TRANSVERSE DIREGTION The intracellular 
potential change caused by the current flow was also measured in the trans-
verse direction within a single component fiber by means of a coaxial superfine 
microelectrode. After the tips of PME had been inserted into the cell interior, 
the inner pipette was advanced in steps of a few micra along the axis of the 
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FIGURE 9. An example of a series of records in the experiment on the electrotonic po-
tential along the fiber. Left, action potentials led simultaneously from recording (lower 
trace) and current electrode (upper trace) without circuit for passing the current. Resting 
potentials were about 80 to 90 mv. Right, simultaneous recording of electrotonic po-
tential (E, lower trace) and total current through the membrane (70, upper trace) in 
various intensities. Interelectrode distance, 50 FI. 
electrode and the potential for the constant current flow was recorded at each 
step. A typical example is shown in Fig. 8B. Although it was actually meas-
ured in the experiment in the transverse direction at x = 0 within a fiber, 
graphically it was plotted for the distance x along the fiber for convenience of 
comparison with A. The conversion of direction could be reasonably made at 
a site very close to the tip of the current electrode, since the potential distribu-
tion should be of three dimensional spread. More strictly, the gradient of the 
potential should be somewhat smaller in the transverse direction than in the 
longitudinal one (see Theory). The influence of the transverse effect on the 
tonic potential spread has an extent of the order of x shown in Fig. 8. THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66  I I 14 
The gradient of curve B is much greater than that of curve A for the same 
range of x. Therefore, if the value of 10 is known, the intersecting point of 
curve A and the ordinate gives the imaginary potential value (E0) required for 
producing such a potential decay as that of curve A without any contamina-
tion of the transverse effect. The resistance to the external medium seen from 
the tip of the current electrode in a fiber; that is, the ratio of the potential 
caused by the current flow at the tip of the current electrode to the current 
intensity (70) was usually more than several MO. And yet, as seen here, the 
membrane resistance in this case is not high enough to establish the equi-
potentiality around the tip in the cell interior when the current is applied. 
Thus, when an attempt is made to determine the electrical properties from 
the longitudinal potential distribution along the fiber, the transverse effect 
should be differentiated from the others. 
COUPLING RESISTANCE When both tips of PME are flush and immersed 
in a solution, a considerably larger potential is developed from the inner 
pipette by passing the current through the outer one. This is due to tip re-
sistance between both pipettes. 
In the following description, the displacement of the tip of the inner pipette 
from that of the outer pipette along the axis is referred to as L, and the tips of 
both pipettes adjusted to be flush under the microscope are defined as L = 0. 
In the direction towards the stem of the outer pipette, L is positive. L is nega-
tive in the opposite direction (see inserted schema, Fig. 10). The coupling 
resistance at L, Rt, is defined as the ratio of the evoked potential at L to the 
applied current. 
The inner pipette was shifted by steps of about 2.5 to 5 fj, along the axis 
and at each position in either direction the current pulse of 3 X 10~
7 amp in 
intensity was passed through the outer pipette employing the arrangement 
shown in Fig. 6. 
Fig. 10B shows a typical case of Rt-L relations measured on one and the 
same PME for current in the direction from pipette to the medium. The 
lower curve was obtained in the normal Tyrode and the upper one in the 
glucose-Tyrode solution in which all NaCl was substituted by glucose. Re-
versal of current direction brought about essentially the same relation. In this 
figure, L — 0 is very close to the theoretical 0, since a point at which the 
first derivative of R with respect to L is maximum should be theoretically 
L = 0. In Tyrode's solution Rt was practically negligible at L = —5/j,. In 
glucose-Tyrode's solution there was a considerable Rt at a point where the 
displacement was more than 10 4ן in the medium, and Rt was several times 
as large as normal Tyrode
,s solution for the same L. The curves resembled the 
corresponding ones in Fig. l'OA obtained from the theoretical equations. This 
result shows that the coupling resistance can be reasonably considered on the 
theoretical basis as written in the previous section. I IOI 
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Theoretical values for positive L are the same even in different media. How-
ever, curves measured in normal Tyrode's and glucose-Tyrode's solutions are 
considerably different. This might be caused by diffusion between solutions 
and also by movement due to electroosmosis from passing current at the tip. 
Moreover, the movement of the solutions would be emphasized by extension 
and withdrawal of the inner pipette over the tip. 
It is to be noted that the resistive coupling may be altered in different media 
and becomes larger for the larger electrode resistance. The specific resistance 
FIGURE 10. Distribution of coupling resistance between current and recording elec-
trodes in relation to the interelectrode distance (L). Abscissa, distance from the tip of the 
current electrode towards the external medium (negative sign) and towards the stem 
of the electrode (positive sign) (see inserted schema). Ordinate, coupling resistance in 
MO. A, theoretical curves, upper curve, for the case of glucose-Tyrode's solution as the 
external medium, lower curve, for the case of normal Tyrode's solution. B, curves ob-
tained from measurements, circles, glucose-Tyrode's solution; triangles, normal Tyrode's 
solution as external medium. 
of the intracellular fluid is larger than that of Tyrode's solution. Thus, it 
would be expected that not only the coupling resistance but also the resistance 
inside the electrode might increase considerably in the cell interior when a 
high resistance electrode was used. 
DISCUSSION 
The model presented in this paper might be too simple compared with actual 
cardiac tissue. However, it is useful, as a working hypothesis, to know the 
tendency of the passive electrical properties of the tissue. There are many 
difficult problems in establishing the quantitative model. That is, parameters THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66  I I 14 
related to the structure of the tissue are not accurately known, for (a) primary 
electrical constants R,, Rm, and the resistance of the interstitial space, (b) 
values of a and d, and the mode of anastomosis of the fibers of the cardiac 
muscle, and (c) electrical properties of the intercalated disc. 
Nevertheless, the lattice model proposed in the present study can simulate 
the actual cardiac tissue fairly well, as shown under Evidence. In our experi-
ment the electrotonic spread of the potential to the neighboring cells could 
easily be observed. Thus, the resistance of the intercalated discs to the current 
spread to the neighboring cells would not be so large. This would support 
the local circuit theory for the conduction of excitation in cardiac tissue. 
In the following paragraphs, some particular problems will be discussed. 
The Model and Actual Tissue The significant differences in the mode of 
anastomosis between the model and the actual tissue are: (a) The fiber in the 
two dimensional model branches in the course of its run into three arms at 
each nodal point, whereas the real fiber usually bifurcates irregularly, (b) a 
fiber of the model connects with only two other fibers through the first order 
branch, but this would not always be the case for the actual cardiac tissue. 
A modification is possible, in which alternate sides can be omitted from the 
lattice so that the resultant structure has bifurcations at every nodal point. 
In this modification the potential distribution with distance can be formulated 
in essentially the same manner (George, 1961), i.e. by a Bessel function and 
when the parameters are chosen appropriately, the distribution can be calcu-
lated to be the same except for minor differences close to the current source. 
In the model previously mentioned two dimensional spread is considered. 
However, preparations from the ventricle should be taken to be of three 
dimensional spread. The extension of the lattice model to the three dimen-
sional one is, of course, possible, but the mathematical treatment is more 
complicated. In this case, the manner of decay is also a Bessel functionlike 
curvature. Therefore, the two dimensional lattice model could be adopted 
qualitatively as representative of the models mentioned above. The effective 
resistance in real tissue might have a value between those in the two modified 
models. Hence, for quantitative calculation of Ro, the lattice model would be 
more suitable than the other two. 
There is a directional difference of tonic decay in the atrium as reported 
by Woodbury and Grill (1961). This would be expected in the ventricle as 
well, because the tonic potential could spread in the axial direction of the 
fiber. The folded lattice model would give an account of this directional dif-
ference as already mentioned under Theory. 
Decay of the Tonic Potential Exponential decay of the tonic potential in 
the unbranched Purkinje fiber has been reported by Weidmann (1952). On 
the other hand, the electrotonic spread in the cardiac tissue which has a syn-ICHIRO TANAKA AND YUTAKA SASAKI Electrotonic Spread in Cardiac Muscle I IOI 
cytial structure was shown not to be exponential (Matsuda, on the terminal 
Purkinje fiber; Woodbury and Crill, on the atrium). This was also confirmed 
in the present work. In these cases the gradients of potential decay with dis-
tance are larger at smaller values of x than those of exponential decay. But for 
larger distances the gradients become smaller and the curve of the potential 
distribution should be approximately exponential when a certain range of x 
is adopted. Practically, a reasonable value of X could be obtained from the 
gradient for the whole range of the distance. The difference between apparent 
X obtained in such a way and X as defined under Theory can be obtained 
from the theoretical treatment, and it decreases as * becomes larger and 
when x is more than 1 mm, the difference is less than 10%. The value of X 
which is obtained by the extrapolation of the curve with a gradient for the 
sufficiently large x is reasonable. 
Matsuda (1960) suggested that the rapid decay for distances less than 
about 100 /A from the current electrode is due to the transverse effect in the 
special structure of terminal Purkinje fibers which are made up of approxi-
mately 8 to 10 fibers aggregated to form a discrete unit of about 100 to 120 !x 
in size. A similar deviation from the exponential decay for the smaller dis-
tances was also found in the atrium (Woodbury and Crill, 1961). These 
authors attributed this deviation to the two dimensional spread in the atrium 
which they assumed to be a simplified conductive plane with resistive mem-
branes. Such a rapid decay of potential spread was observed in the ventricular 
working muscle as well in the present study. According to our histological 
examination, however, any special structure which would cause the very rapid 
decay of tonic potential w2te not observed except for the ordinary branching of 
syncytial structure. Based on this observation, it may be concluded that the 
Bessel functionlike decay of potential spread is due to the ordinary syncytial 
network of the cardiac tissue. 
Nevertheless, our results show that the effective resistance (R<,) of the ven-
tricular muscle is less than several hundred kiloohms. This value is equivalent 
to that of a point from which more than ten component fibers of infinite 
extent branched; i.e., the factor k defined under Theory is approximately 
12 to 25. k calculated from Matsuda's data is about 15 and this value seems 
to be deduced from the simple syncytial network without fiber aggregations. 
In the present experiment, as predicted from the ratio of the diameter to the 
length constant, the range in which the transverse effect could be observed 
was small. When the parameters under Theory are adopted, the resistance 
per unit area of intercalated disc can be calculated to be approximately 
500 to 2000 times lower than that of the fiber membrane, and the upper limit 
of disc resistance per unit area is 212 • cm
2. This calculation is derived from the 
assumption that the cell length is approximately 50 to 200 /j, and that the 
internal resistance of the fiber is lumped to intercalated discs. This value for THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66  I I 14 
disc resistance is in good agreement with that calculated from the electrical 
measurements on rat atrium by Woodbury and Crill (1961) and also with the 
potassium component of disc resistance obtained from K
42-diffusion experi-
ments on sheep ventricle by Weidmann (1964). 
Transverse Effect and Tip Resistance With the aid of PME, the transverse 
potential decay at x = 0 was measured and it was inferred that the range in 
which the effect has a significant influence on the tonic potential decay in the 
longitudinal direction is as small as expected from the theoretical 
consideration. 
The resistance at and around the tip of the current electrode to the in-
different electrode which was inserted into the fiber would depend not only 
upon the cellular factors but also upon the tip resistance. This tip resistance 
would be altered in different media, especially when the tip diameter was 
relatively small, even if the electrode resistance inside were unchanged (cf. 
Equation 7 under Theory). 
When they compared the tonic potential around the tip and at sufficiently 
large distances from the current electrode, Sperelakis, Hoshiko, and Berne 
(1960) and Tarr and Sperelakis (1964) concluded that the tonic spread was 
discontinuous along the fiber. They ascribed this discontinuity to the rela-
tively large resistance of the intercalated discs. However, our measurements 
never revealed the discontinuity along the fibers except for the very rapid 
potential decay around the current electrode as shown in Fig. 8B. In other 
words, even within one cell which was impaled with the current electrode, 
there was at first a steep potential decay and then a gentle spread continuously 
to the neighboring cells. This means that it is not necessary to assume a high 
value of resistance for the intercalated discs. The conclusion of these authors 
seems to come from the fact that the high input resistance obtained was taken 
for the true value of Ro in calculation. 
Generally, with a single microelectrode and also with a double barreled 
microelectrode it is impossible to obtain the effective resistance R0 quantita-
tively by subtracting the resistance measured in the extracellular medium 
from that obtained intracellularly. Even when two microelectrodes are em-
ployed, it is also impossible to obtain the exact electrotonic potential free 
from the effect of coupling resistance around the tip of the current electrode. 
The value of resistance obtained by such subtraction is always much larger 
than the true value of R0. This error cannot be neglected as the membrane 
resistance is usually not so high compared with the tip resistance. 
APPENDIX 
I. Derivation of Differential Equation of E 
If the number of the sides between (מ — l)th and nth nodal point is expressed as N 
at n, N is a function of n. The total internal and membrane resistances per unit 1107 
(A-l) 
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length at n are 
/<<״> = 41 
>-<b) = £ 
where n = x/d, and when current is applied at n = 0, the node n will all be at the 
same potential. An assumption is made that Equations A-l can hold for all values of 
x (0 < x < + oo);i.e., a new model in which n (= x/d) is of continuous nature is 
presented as an approximation. Then a set of differential equations can be assumed 
as follows:— 
(A-2) 
—— = E X — 
dx fm(x) 
Eliminating I from Equations A-2, the following differential equation can be ob-
tained, 
(A-3) 
dx
2 x dx X
2 
This is Equation 1 under Theory. The general solution of Equation A-3 is 
= 1 + ifA)! + (*A)
4
 + (*A)
6
 + 
2
2-4
2-6
2 
22.42  2
2 
where A and B are constants and 
'י (0 ־ 
(־A)' 
in which 7 is Eule^s constant having a value of 0.5772 • • • . 
When x is infinite, E is zero, so B should be zero. Therefore 
(A-4)  © 
E = AKA 
This also appeared under Theory (Equation 2). 
II. Determination of a 
As already mentioned, at internodal portions in the lattice model, the potential dis-I I 14 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1g66 
tribution along the longitudinal axis of the fiber should be exponential. So within 
the ranges from 0 to 1, and 1 to 2 of מ, £ is related to x by the following equations 
(A-5)  ©ן 
(0j 
-Eo_1 = A! exp + exp 
£1-2 = A2 exp ^ + exp 
On the other hand, E ax x — 0 is E0 and values at x = d and 2d are given by 
Equation A-4. Therefore one can eliminate constants A!, B!, A2, and B1 from Equa-
tions A-5 to express them in terms of A, d, X as well as E0, and then calculate the 
derivatives of Equations A-5 at x = d {n — 1). 
At the nodal point n = 1, the current flowing in and that flowing out inside the 
fiber should be equal, so the following equation is obtained 
(A-6) 
/= 3 /<*g!_2\ 
\ dx Jx=d \ dx Jx=d 
From Equation A-6, 
A 
m 
where 
m = 2Ka Q • exp ^ (exp - ^ + - 3K0 (^j (A-7) 
On the other hand E0 has, as mentioned previously, a limited value and so it is 
expressed as follows:— 
a is expressed so as to have a very small value at the point close to the origin. 
The values of a and m, when d = 100 /x and X = 500 ju, are calculated to be about 
1.3 X 10
-
3
 cm and 3.9 respectively. 
III. Calculation of Coupling Resistance 
Assuming that the cross-sectional area at the electrode tip, whose radius is c, is equiva-
lent to the surface of a sphere which has a radius of c/2, the resistance at the surface to I IOI  ICHIRO TANAKA AND YUTAKA SASAKI Electrotonic Spread in Cardiac Muscle 
infinity in the medium (•ftt(;־c/2)) is expressed as follows (Tomita and Kaneko, 1965):— 
r pdl p 
Rt(l=
cl2
)
 = 42 4^ = 27, 
where I is the distance from the center of the sphere in the medium, p is the specific 
resistance of the external medium, and it is assumed to be ohmic resistance. 
And Rt can be generally expressed as follows:— 
R = JL - [' = JL. 
* 2 7rc h 2 4,TP 47rl 
In projecting the assumed system written above to the real system of electrode and 
external medium as a whole, the surface at the tip of the electrode should correspond 
to the spherical plane of I = c/2 in the external medium. Therefore, the following 
equations are more suitable to express the system (Tanaka, Sasaki, and Ogino, 1963) 
RTIT-0) = 2~ (A-8) 
* ־ ׳M2T+V)
 (A9־
) 
where L is the distance from the spherical surface and expressed as Z, = I — c/2 and 
Rt in these equations is the resistance for L; that is, the coupling resistance in the ex-
ternal medium. Equations A-8 and A-9 correspond respectively to Equations 5 and 6 
under Theory. 
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